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 his report c m s  the first 23 months of a program of pt;prchopbysi~al re- 

search on conmnrnicationby means of electrical stimulation of the skin senses, 
gress was made on seven projects. 
a n t s  on tactile sensory properties and tissue electrical characteristics, and a 
computer program are described. 

Pro- 
Equipment development and modification, expert- 

Equipment. A system for accurate control of multi-dimensional electrical 

An electrical thermode was designed and 
stimuli was devised and partly constructed. A prototype solld-state constant cur- 
rent s t i n n h r  wa6 developed and built. 
constructed for automatic controlazxl rapid change of skin surface temperature 
under stimulating electrodes. 

Sensoxy expe riments. EFfects of skin surface temperature, in four experi- 
Electrical ments on pain and tau& sensitivity, were found to be sti l l  ambiguous. 

properties of tissue were investigated w i t h  pulses of direct current, 
both in temperature and in current reduce tissue resistance. A coppputer programwas 
written to simulate time-properties of voltage and current relationships wltbin 
tissue; computer printout of s i m U t e d  voltage pulses closely appmxlmated ascib: 
loscopic photographs, emphasizing the dynaxuic, rapidly changhg resistive-capacitive 
nature of tnrman tissue when stinrulated electrically, 4ual "loudness" umtoms, ob- 
tained w i t h  electrical stlmnrll af' M e r e n t  phpical >roperties delhexed thnrugh 
electrodes of different sizes, indicate the nature of temporal and spatial sum- 
matian in the touch system. 

Increases 

General 

During the report period the project was moved w i t h  the principal investi- 
gator f'ran Carnegie Institute of Technology to the Psydhologv Depwtment of' the 
Wversity of Pittsburgh. 
Electria S t m t i o n  of 
to Carnegie Institute 0Z-fi-w by J-s R. muigtm. 

In J-, 1964, a M.S. thesis, entitled Spatial. Factors in 
was completed under project support  ad submitted- 

Research reports were presented by the grincipal investQatmr (3.) in Octo- 
ber, 1964 to the annual meeting of the Psychansmic Society at N- BUS, Ontario- 
Canada, (U) At M.I.T., May and Juae, 1965, to Sensory Aids research groups, (-) 
infomally, Bhy, 1965 at an annual Bioengineering syoq>as%um, M.I.T., and (iv) as a 
znaiber of the Academic Advisory CaPPnittee, in June, 1965 to the newly est&Wi&ed 
*ns-y A 3 d s  Evaluatxl.cm and I k w e h p a t  Center- 
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B. DetalledReport: 

fitroduction 

Various atteqts  to devise cutaneous eamnunicationa systems as supplements t o  
vision and audition have been made over the past century. 
vided the speed or complexity colnpasakle t o  information transmission tbrwgh visual 
or auditory channels. l l r i s  does not necessarily reflect  limiting properties of the 
touch sense; rather, It probably reflects the failure t o  take best advantage of 
properties of tuuch perception. 

However, none has pro- 

lb find w k t h e r  c?rtaneous channels are m e c t i v e  for nore tban simple uhidima- 
sional warning infarmation, or slm speech transliteration, it is  essential. to  deter- 
mine perceptual properties of stimuli varied systernatica33y d . 0 ~  temporzl a d  
spatial dimensions. 
ulus control. 
their  own mass and by tissue factors, 
signals, are capable of a vide range of temporal variatlon. 
cal  stinnilation of the skin readily excited pain a-nd thereby saw M t e d  use. Now, 
procedures (Gibson, 1963 a,b) have been worked out In detai l  for painless e lectr ical  
stiwrlation of thc touch systen, Brief (6.5 m c )  puZses of anad~l dtrect  current, 
when collibined in short trains, at law pulse and train repetition rates, and through 
suf'f'iciently large electrodes, delivered by constant current stimulalatbr so that pea 
current does not vary with tissue -ante, c o ~ l  arouse reUably palnless touch. 

One irrrpeaiment f o r  acqutring such knowledge has been poor stfm- 
Mechanical stimuli fram vibrators are impeded in their movement by 

Electrical stimuli, as are light and sarad 
Until recently, electri-  

The remainder outlhes progress on a program of psychophysica3. experiments 
with electrical  8t imrl l t  aimed a t  cmtributing t o  basic sensory knowhdge in three over- 
lapping areas: (i) stirailus control, (ii) pmxptua l  properties of touch, and 
(iii) cutaneous ccmmnication. 

ProSects 

1. Multiple Dimension Stlrrmlus Control System 

The research t o  date has been designed to  acquire data on basic sensory 
and perceptual phenomene m i d y  in their stat ic  states, one stimulus (or pair) a t  a 
%ne. Yet, the perceptual nature of absolute location phenomena, apparent motion, etc., 
all may change markeclly in a dynanic situation where spatial and temporal patterns 
are Changed rapidly and repeatedly over tine, 
multiple dimension stbzli .  This system will be used i n  l a t t e r  stages of' the equal- 
Loudness and a m e n t  motion studies, and i s  required for a raultiple-target tracking 
p J e c t  planned for next year. 

Thus, we devised a system to  control 

The system is designed around a photo-block paper tape reader t0 control 
and deliver combinations of multiple electric stbnuli t o  several locations on the 
body, (see Figures 1 and 2). The general problem is t o  deliver rapiilly a number of 
pre-programmed cutaneous electrical  stimuli, differing as to several stimulus para- 
zwters as w e l l  as t he  number of electrode locations on the body simultaneously stim- 
ulated. The specially constructed block tape reader optically reads 96 b i t s  of in- 
formation each step, a t  a maximum rate often steps per second, There are six M e -  
pendent channeb, each multiplexed t o  ei&t electrodes, for  a total of 48 locations 
on the body, All logic circuitry has been breadboarded and checked aut; two of the 
six channels are completed and have operated in fu l l ,  Part of a drast for a manual 
af description and operation is amende8 t o  t h i s  report, along with schematics. 
tape library of varied stisnull i s  be- prepared. 

A 
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e, Electrical Themode 

A thermoelectric element, using the Peltier effect t o  generate rapid t e m w  
perahre change proportional t o  the quanity of electricity passed through a junction, 
was attached t o  a machined brass electrode and built into essentially a calibrated beam 
b-ce in order t o  co&ml electrode pressure, A t t a c h i n g  the proper heat sink to  
the upper plate of the element enables a delta-temperature between upper and lower 
plates of 55OC. Based on rough calculafions,  a ?=watt heat load is supplied by the 
tissues of the dorsal forearm t o  a one square inch area, 
teqera-e capacity that, despite tbis laad, the temperature can cp5ckly be varied 
(15 sec/OC) from cold, through neufral, to wann, without being moved on the skin, a 
d i s t l n c t  advantage for threshold reliability. 

The thenaode has suf'ficient 

3- - Tempera ture Effects on Touch and pain Sensitivity 

This is pazz of a larger efTort t o  determine factors in electricity that 
underlie cutaneous s tbulat ion so as to elucidate sensory mechanisms of operation. 

Touch 8nd p3.n tbresholds were obtained in four experiments from several 
observers, under a variety of controls and conditions increasing the precision of 
measurement and temperature control. 

For the first three experiments, skin surface temperature was varied by 
means of an electr ical  t h d e  attached to a brass two-centimeter diemeter e3ecfraae, 
and measured with a amall thermistor contacting the skin under the electrode, 
mistor was flush w i t h  the electrode stimulating surface, thermally asd electrically 
insulated fYom the electrode by RTV-102, m-temperature curing sillcone rubber -. Temperak;w war3 a3sp3avpd ai@-, the continuously active diaplsy being 
stapped wrmentarily by foot switch for reading, The tanperetture time-constant of 
this "digital thermometer" was a rapid 2-5 seconds; thus readings mairrtainea satis- 
factory pace with actual surface tissue temperature change. 
electrode i t s e l f  was mnitored periodically also with other thermistors that were 
led t o  the multiple-hput digital  themmeter. One purpose, for example, was t o  
keep track of the the-lag between electrode (Le,,  heat-sink) temperature E U X ~  akfn 
surface temperature, following a large step-change of' temperature t o  the electrode. 

The ther- 

(%e temperature of the 

Experiment 1 and 2. Effects of tempe?ature variation of' lSoC t o  45"C, 
rough3y the tolerable range, on electrical touch sensitivity w e r e  found to be sldght - 
or nonexistent on the & base of the tfazlllib E& the aor&l forearm, both w%tb 
sinnlp pulse and multiple pulse trains of current, as= 
tending method of limits, two subjects, anodal. pulses, appraxlrpately two-c&Wter 
dimrteter brass ''active" electrode-themode, teqeratuze stabilization for at best 
five mirnrtes at each tt3upem-e before star t  of threshold run, s d l e d  order on 
dll'ferent dqys of each of five tenperatures e- spaced f'mm 15 to 45OC. 

R e l e v a n t  conditions were: 

since the rate of increase of a receptor potential w i t h  a constant nurpu- 
tude s t i m l u s  varies directly w i t h  temperature, either the s i t e  of excztation of the 
touch system by eleCtrici* is directly at the nerve i t s e l f  beyond t h i s  potentiel, or 
the temperature change is not gettiag t o  the receptors, 

m t  2- Mnding only sug;ht effects on touch ~5th electric stinzuli 
pight result either f'rorn the fact that e e e c t s  M e e d  axe s l i g h t  or noaexistent 
thereby implying direct sthulation of the nerves themselves, or Avlm the t h d  
llfpusitivity of aad the absorption pattern within the skin being such that the tern- 
perahe cbanges tit the electrode-skt.n interface are not mirrored mer time xithin 
the receptor t issue layers. 
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"be subject inserted U s  entire rubber-glaved hand 3in a water bath pre- 
viously braught txa 4xmpera- ul3a thereafter Blaintainea within 2% tllmugbut each 
3 ~ 4 5  session, me h, diameter stainless steel disc electrode 
and a thermistor vas miter #e .thin surgeon's glove. other relevant conditions i r e r e :  

ture mdntained with- 
session, five tem- 
Ids, ascerrdingmetbod 

rOughlyatwo-fo.crsleFisefnf;QUE33& , ~ ? j ~ e $ % & e *  p i n  low t o  hfgh temrpersture 
over the 28% raage, a m e  of tihe 
Tissue resistances, calcuhted f'rm voltage and current peaks, also in sane respects 
wePe too irregulas, and for  other reamma suspect. One reliable Finding was that 
tiSWae redstances fell w i t h  increasing temperatures, 

shown by the third subject, 

m e e t s  of glove pressares might be responsible for the awanahw resu3f&, 
a8 may be cerlain- urd- aact ddiiviaual spot senaitivlty effects, For the experbent, 
although apparently not wen conceived, was at least systematic, a technically w e l l  
executed, the variability not arising 
per-,  he - i s  heretqr prtz +* t o  rest, awaiting proper inspiration. 

insuFpicient trials for this sort of ex- 

ctatfons. follcrwing the pilot work, fhe 
suggest tin appro-tely U-shaped f'unctim~ 

pais  current to temperature, with maximum sensitivity to 
Wn near rocm temperatures. However, p i n  thresholds were highls variable, despite 
extraariiinaSy -ions in several experiments t o  obtain regularity by reducing 
eFfects of admmems variables, inq?lying either a basic instabil i ty In the pah 
~pedxmism, or fnrther vtwi&les for study. Several observations suggest the latter, 
that tfrresbcdds vs~y froon tissrse PrapeTties independent of sensory mechanisms. 

A st inglag pa3n f'mm electrical stimulation might s i m p l y  reflect  t issue 
&reakdawn frcm peak vlbl-es awe-& across high resistance portions of the tissrres 
that exceed the dielectric breakdown voltages, t h u s ,  causing ~E&I from high current * 

density at a spot. 
' 
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mas this notion (1) VBb: foliated up by mnitoring se&+ely faur parat- 
l e l  segments of EUI electrode connected t o  the outgut of' a 
(see Figure 3, and also next section), and (2) will be follawed up by reducing tissue 
resistance ad, tbars, the peak voltage required t o  stimu3ate w i t h  a given peak 
current. 

pulse stinulator 

ies of n s m e  4. nectriaprcrpert -- 
!&e purpose was to determine electrical  properties of tissue stimulated 

w i t h  pulses of direct current, aad t o  establish rebtionships between tissue proper- 
ties and s e n s ~  events, 

The time-pmperties of voltage-current rebtionships vithin tissue were 
determined by recording the m3.tage response to current pubes of 1.0 to 50 msec 
dumtion delivered by COllFtant current stinnl7ntrrr with hi& output -ce (effec- 
tively 200 megohms), 

exambed as a function of (i) pealt azrrent anplitude, (a) 
(iii) &in temperat;ure. 
indii'ferent electrode on the sole of the foot, small active electrode on either the 
d a r e  forearm or the p a b  at the base of the thmib) was displayed on one trace of a 
Tektronix 561 oscIuoscope, the current pulse displayed on another trace, and both , 

Photograpaed. 

me voltage led through hairy enB hairless tissue on five observers was 
electrode size, and 

%e voltage dweloped across the two electrodes (large 

It was f d  that the current r ises  nearly instantly to  msucimmr, but the 
voltage -8, as in a cnrscita;tive circuit, w i t h  the rate of rise, as well. as the 
peak voltage at any given cmmmt, a Funcfion af the variables imrest5gated. There- 
fore, (i) the peak voltage, and (ii) the time constant of voltage growth were mea- 
sured A-an enlargements of the oscilloscope photographs as a function of the three 
variables. 

Figure 4 is an oscilloscope photograph of a rectangular one-msec., 
one-m. current pulse being delivered to the 
The oscilloscope is displaying the voltage developed across a m a l l  resistor in series 
with the tissue, and therefore is measuring the current. 
a second trace shows simultaneausly the voltage develaped between the CWO electrodes 
by the constant-current sthulator i n  order to achieve and maintain one -e 
of peah current, The top photograpa is the vel-e from a lower amperage pulse. 
N o t i c e  the onset-rise-time differences between the two voltage pulses. 

thraugh a l6m. &meter electrode. 

The center photograph of 

Pulse width was increased substantially t o  permit the voltage of l o w  cur- 
rent pulses to reach peak, owlng to loag rise tlmes. m e  five is  an oscillnsccrpe 
the-expsure photqepgph d i s p m  voltage pulses Awm five constant current pulses 
of different duratfons, fram 0.5 to 2.5 milliseconds. 
times do not vary with pulse duration. 

It is clear thet voltage onset- 

Experiment 1. 
(1) as current increases from 0.05 to 5.0 peak mUUa~pere8, tissue peals 

EfYect of current amplitude on Tfssue 3es i smce  R e s u l t s  
were: 
resistance decreases, initially precipitously, then more slowly w i t h  H e r  current 
increase. 
tissue (roughly nickel-sized active electrode, h r g e  iru7ilpferent electrode under the 
sole of the foot,) The time-constant of voltage rise (Figure 7) fauS w i t h  increasw 
current in the same manner as peals resistance. The seater the current, tbe l o w e r  the 
tissue resistance, and the shorter the tine for voltage to reach its peals, 
testable implication is a possible intemciiion between pulse repetgtion rate and 
peak current on 
mean long voltage rise and f a l l  tlmes, !therefore, 

5 

Figure 6 shows tissue resistance separately for hlry and hairless foream 

(One 

thresholds measured as pl lse train length. Irnr peak currents 
current pulse trains of short 



inter-e t h s  might supanate to pain rapidly as rmccessive single voltage pulses 
become additive in the -sues, b a a  3muIYicient off-tlme to f a l l  to zero. 
Figure 8 shows one function from each of the previous two graphs plotted on 
coordb~tes, Each is lineas, to a first approximt%on,,,in these wordbates, 
lines are fitted by eye. 
byperbolic, xitb an eXpanent nearly Unity; 
nearly balved, 
exponent, 
the fall in peak resistance, w i t h  the snmll difference between the twa slapes a4Az-i- 
batable to tissue capacitance, 

lple 
res- Fmd pesk cwrent ip 

The Vrrsiatioxs in time eonstarPt can be account& for largely in terms of 

The relation betmen 
double the current, the p& resistance is 

The Time-am&mt falls sllmilarfv, although wlth a sligh.tly greater 

!&us, tissue resistance primarily, nat menibrane capacitance, is 8ffected 
by the w a g e  of current. It is reasonable to as8ume that most of the t isme c)ainp.e 
is in the surface layers, far they repeserrt a large percentage of the total inter- 
dectmde resistance, Future pbms in- (1) follawipg up this horpothesis by mdp- 
tilating surface tissue resistance, and (2) determining the relation between rapid 
tissue resistance -s aad sensory .thresholds, 
el- that It is nut safe to gti,mtzlate human tissue with electricity, either for touch 
perceptual research ar therapeutic purposes, without use either of constant current 
stiuuibtors or rap- act- current limiters, 
large decrease in tissue resistance w i t h  the passage of, say, only 100 peak micro- 
amperes for 1.0 mLUisecond, peak voltage repuiresnents for satisfactory canstant 
current aperation in the 0.1 b 5.0 
voltages of less than 100 volts, This makes transistorized constant current units 
feasible for portable cxgmmmicatian devices, 

Ih a more practical veh, it is 

Nso, tm our -rise, owing to the 

region is clearly possible vith peak 

Experiment 2, Tissue resistance and Electrode Area. Tissue resistance 
a d  voltage-time coa8t&iTf;8 vere ob-& at various current levels tbrfm&h electrodes 
of different areas. The data, ase lerot yet m e & ;  in the meantime, this project has 
been expnded to i w b d e  for f'uture work the variables of electrode m t u r e ,  aad 
linear pressure, 

peak tissue-resistance under a dime-sized area on the palmsr base of the thumb, 88 a 
function of electrode-skin interface temperature, at four single-pulse current levels. 
At low currents, w i t h  bigh tissue resistance, 360C increase %n skin teaprature 
halves skin resistance. At higher cuz?.ent levels, tissue resistance driven to b w e r  
values, is less a9fected by a raise i n  electrode temperature. 
current, electrode temperature in the -le range bas little influence on slsin 
resistance under th i s  electrode area, 

m i m e n t  3. Tissue resistance and Electrode Temperature. Figme 9 shrnss 

& m e  5.0 ma. peak 

B t p e r a t  4. fissue factors in electrical s t m t i o n  of pia, 0c- 
casiollally, sarmtbes OFten on 3xdx-y tissues, w i t h  110 obvious change in stimulus pppp- 
erties, p~inless electrid touch st lmulat im sud&n3y st ings.  sauetinaes the win does 
not disappeaz when the peak current is qyidsly reduced to 0 n e - m  tbe vahe at 
w b i c h  pain first appeared, 
of pah  w i l l  render the region relatively painf'ree for five minutes; other times, 
slightly increasing current levels increases the s t i n g  intenslQ, me irregularity 
of s t i n g  in our laboratory bas a long history w i t h  regard to contxol by stimulus 
factors. This time we tried to determine the likelihood of tissue breakdown as 
underlying st ing .  

sametlrmes tripling the current upon the sudden agpearance 

Mer three inch iuameter electrodes on the back, at stinging pain thres- 
hold w i t h  long trains of pulses, sting is usually reported as at a "point" and an In- 
vestigator sometimes can localize w i t h  a pencil point a painAtl spot,  
small ,  red spot a w s ,  um\ausr near tbe edge of the area under a large, disc elec- 
trode, 
however, even w i t h  low power (20 XI microscope. 

sometimes a 

often nothing Wtarard is visible 3.n the area formerly under the electrode, 
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The four sectioned electrode pictured i n  Fi(3ure 3 was used. Current was 
displayed on a separate oscilloscope trace for each of the four parallel  electrode 
sections, Current was increased i n  small steps; however, tbe four oscilloscope 
c u r r e n t  displays were maintained small and a t  the same size. 
(parallel)  electrode elements; one large indifferent electrode waa on the sole. 

One stlmubtor fed a l l  

Several current steps prior t o  pain threshold, the current display for  one 
segment w o u l d  increase slightly, 
segment sometimes would be several tines the peak values of portion of the current 
i n  each of the other three. 
paral le l  segments a t  pain threshold, 
graph, the four traces w e r e  x i t h i n  lo$ of each other.) 
photograph because of the rise-time difYerences amoLag channels. 
left to  right, the traces, top t o  bottom, w o u l d  look K7ughly like this: 

A t  pain threshold, the current though one electrode 

m e  10 shows a photograph of current thrmqh four 
(Three small ar ren t  steps prior t o  this photo- 

It is difficult t o  read the 
Spread out from 

2 

~ o t e  (Fig. 10 snd &me) that the current pulse first rose quickly 
t o  nearly the same value though a,U four electrode sections, then 
flowed srimarily tbzough one section, 

The third trace increased during the time of the pulse t o  four times the peak values 
i n  the other channels. (This does not always happen through the same electrode seg- 
ment.) 
ment of the electrode is reduced substantially, allorring current t o  be diverted (owing 
t o  the constant current nature of the stimulator) from other areas under an electrode, 
t o  pour through a small percentage of the t o t a l  electrode-skin 8Urface. W e  are now 
working on ways of using nniltiyle electrode sections, separately controlled, and on 
ways of treating tissue, f'urther to understand and control this problem. 

It is clear that, sonetimes a t  least, tissue resistance under a small seg- 

5 .  Computer Simulation -- of Tissue Voltage Response 

The nature of the voltage rise with a rectangular step of current, and its 
dependence on current, electrode size, temperature, and certain polarity effects not 
discussed here, imply a dynamic circuit  with resistance and capacitances varying 
nonlinearly over time, 
circuit theory. As a beginning, tvo computer programs were written to produce as 
output plots of voltage versus tine. 
oscilloscope photographs of pulse voltage by plotting the appropriate exponential 
growth, The other, and more promising, used the SCADS subroutines a t  Carnegie Tech's 
computation center; SCADS = Simulation of Combined ha log  Digital Systems. 
version of t h i s  program sets  up an analog circui% tha t  approximtes a parallel  R-C 
network w i t h  a large variable series resistor t o  assure constant current. 
fying uutput of this program is B figure closely resembling some of out oscilloscope 
photographs (Figure U). 
values . 

Therefore, such circuits are d i f f icu l t  to solve with simple 

One program produced an approximation t o  our 

The f ina l  

The sat is-  

The next Scep is to fill in appropriate circui t  elanent 
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6. 4-1 "hminess" m c t i o n s  

Threshold peak current  (with 0.5 mec pulses) and the "loudness" of 
supra-threshold electricsl stimuli vary with ( i )  t ra in  duration, ( i i )  repetition 
rate, (iii) electrode size, and ( iv)  the d e r  of electrodes on a given body 
region (i.e., interelectrode distence). 
manipulated w i t h o u t  simultaneausly monitoring and adjusting peak current. 
rlloudness" flmctlons have been obtained for these variables on several body regions. 
The observer matches the apparer;t intensity of one stimulus t o  t h a t  of another. Such 
f'unctions will provide normative data that make it feasible i n  f'urther experiments 
t o  manipulate these variables i n  combination over wide ranges using the stimulus con- 
t r o l  system w i t h  only mipor unplanned variations i n  apparent intensity. The data are 
complete, have undergone (computer-aided) analpsis of variance, and are being plotted. 

Tnus, these variables cannot 11ow be simply 
Equal 

7. Spatial factors in electrical touch stimulation - 
Threshold peak current f c r  pulse electrical  touch stimulation increases 

with increasing active electrode area. One purpose of t h i s  project was t o  determine 
the area=intensity threshold relationship over a broad range of electrode sizes w i t h  
stimuli of different temporal proserties. Touch threshold (i.e., current density 
expressed a t  the active electrode as mean t o t a l  current per mm.2 electrode area,) on 
the  palmar base of the thumb was a decreasing 
w i t h  middle t o  large electrodes (18 t o  576 mm. 
halves the current density, which relation indicates perfect spat ia l  intensity summa- 
tion, and emphasizes the relevance of -rent density t o  threshold measures. 
smaller electrode areas, (18 t o  2.25 mu. 
w i t h  decrease in electrode area was somewhat less, (an exponent of .7 rather than 
L O . )  This might indicate reciprocity failure and thus-a real spatial factor, although 
the pmsibifities were not ru'Lkd out  either that the'smafler electr~dea required less 
threshold current because of Paetors related t o  greater physical penetration i n to  
the tissue, or passib3.y that the effective medium a b e d  eleetrdes uere larger than 
the steel ehemsnts alone owing to perspiration ~031s. The threshold dependence on 
electrode size does not vary with the nwber of p u b e s  per s t imlus .  The master's 
thesis (Milligan, J, R,, 1964) is op. f i l e  a t  Carnegie Tech, and a manuscript is under 
preparation.. 

erbolic Araction of electrode area P area). Double the electrode area 

With 
, ) the rate  of decrease i n  current density 
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Figure 1, Stimulus Control System. The optical block tape reader programs combinations 
of brief direct current pulses, delivered by any ambination of six independent chan- 
nels  to as nnmy as 48 totsl locations, (Thus, for emnple, a matrix of 6 x 8 electrodes 
on the  back might be used for experiments on spatial ana temporal aspects of cutaneous 
pattern perception. ) 
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Figure 2. Mote (top left ,  top 
right)  the plug-in cards of computer quality transistor logic circuits that are 
quickly replaceable when necessary. Left upper center, the lasge horizonA%l tray i s  
one of three holding specially constructed reed-relays. These have extremely rapid 
operating times of 0.5 to 1.0 millisecond. 
w i t h  iner t  gas at reduced atmospheric pressure, all of which markedly increases con- 
tac t  re l iabi l i ty .  

Innards of the (unfinished) Stimulus Control System. 

The gold contacts axe hermetically sealed, 



Figure 3. Electrodes. Afianged into three groups by function, these are polished 
stainless steel embedded flush into mechined plexiglass. 
electrodes of different sizes, used, for -le, in the equal loudness contour 
study. 
grees of curvature, to be used in the pressure, curvature, area experiments. 
lower left are samples w i t h  multiple conducting areas. 
shapes are two of several. electrode-pairs currently being tested to replace, for some 
purposes, the single active electrode and foot ground. 
been lost photographically in the SmRll one in the foreground of this graup. 
highly polished and finished pie-shaped stainless steel sections are embedded flush 
in plexLglsss for use in the tissue properties experiments. 

At the top right are flat 

At the tap left are electrodes of different linear areas with different de- 

!The concentric and bat wing 

The detail has unfortunately 

At 

Four 



- 
1 Millisecond 

Figrzre 4. 
stimibtion by 245illisecand rectslngules electrical pulse f’ram Mgh-impedance con- 
stant-cufient st4nn17ator. 
pulse; 5 shows increased voltage r i e k h e - f r o m  a current of reduced amputaae. 

ckicilloscope photograph showing voltage and current during the course of 

Sections a and b show current pulse and ace- voltage 



50 volts 

1 Millisecond 

Figure 5 .  
current pulses of five different  durations. 

Time exposure oscilloscope photograph sharing voltage pulses From constant 
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Figure 33. Oscilloscope photograph of' current pulse Aom a single stimulator, split 
through four electrically parallel electrode sepents, at the moment of f i r s t  report 
of pain ( the  single ccamon inr3lfperent electrode was on the sole of the foot.) Mo- 
ments before, at  0.3 ma. lower inknsity, all four pulses were rectangular and the 
same size. 
than that through the others, indicating tissue breakdown under m e  electrode seg- 
ment on the dorsal forearm as the cause of the stinging pain. 

Notice that the peak carrent through one segment is  several times higher 
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